Powdery mildew is a fungal disease that affects a wide range of plants and reduces 23 crop yield worldwide. As obligate biotrophs, powdery mildew fungi manipulate living 24 42
host cells to suppress defence responses and to obtain nutrients. Members of the 25 plant order Brassicales produce indole glucosinolates that effectively protect them 26 from attack by non-adapted fungi. Indol-3-ylmethyl glucosinolates are constitutively 27 produced in the phloem and transported to epidermal cells for storage. Upon attack, 28 indol-3-ylmethyl glucosinolates are activated by CYP81F2 to provide broad-spectrum 29 defence against fungi. How de novo biosynthesis and transport contribute to defence 30 of powdery mildew-attacked epidermal cells is unknown. Bioassays and glucosinolate 31 analysis indicate that GTR glucosinolate transporters are not involved in antifungal 32 defence. Using quantitative live-cell imaging of fluorophore-tagged markers, we show 33 that accumulation of the glucosinolate biosynthetic enzymes CYP83B1 and SUR1 is 34 induced in epidermal cells attacked by the non-adapted barley powdery mildew 35
Blumeria graminis f.sp. hordei. By contrast, glucosinolate biosynthesis is attenuated 36 during interaction with the virulent powdery mildew Golovinomyces orontii. 37
Interestingly, SUR1 induction is delayed during the Golovinomyces orontii interaction. 38
We conclude that epidermal de novo synthesis of indol-3-ylmethyl glucosinolate 39 contributes to CYP81F2-mediated broad-spectrum antifungal resistance and that 40 adapted powdery mildews may target this process. 41 which is not detectable in unchallenged epidermal cells, is cell-autonomously induced 71 and reveals focal accumulation at B. graminis penetration sites, where it co-localizes 72 with PEN2 (Fuchs et al., 2016) . CYP81F2 catalyzes 4-hydroxylation of indol-3-73 ylmethyl GLS (I3M) and is required for synthesis of 4-methoxy-indol-3-ylmethyl GLS 74 (4MOI3M), which is the relevant PEN2 substrate for production of antifungal 75 compounds that effectively establish penetration resistance towards non-adapted 76 2019). I3M is the parent GLS of all modified indole GLS and produced from the 78 precursor amino acid Trp via the GLS core structure synthesis pathway (Sønderby, 79 Geu-Flores, & Halkier, 2010) . 80
In the Arabidopsis ecotype Col-0, GLS core structure synthesis can be divided into 81 two sub-pathways responsible for synthesis of Met-derived aliphatic and Trp-derived 82 indole GLS, respectively (Sønderby et al., 2010) . Core structure synthesis of indole 83 GLS starts with the conversion of Trp to indole-3-acetaldoxime catalysed by CYP79B2 84 and CYP79B3, which function redundantly (Sønderby et al., 2010) . The aldoxime is 85 then further processed by CYP83B1/SUR2, GSTFs, GGP1, SUR1, UGT74B1 and 86 SOTs to produce I3M (Sønderby et al., 2010) . In contrast to SUR1, which is the only 87 enzyme that converts S-alkyl-thiohydroximate into thiohydroximate and required for 88 synthesis of both aliphatic and indole GLS, CYP83B1 is specific for indole GLS core 89 structure synthesis. The equivalent reaction in the aliphatic sub-pathway is catalysed 90 by CYP83A1. The two homologous CYP83s are both non-redundant and are therefore 91 used as markers for the two sub-pathways (Naur et al., 2003; Nintemann et al., 2018) . 92
Both CYP83s are predominantly localized to the vasculature under normal growth 93 conditions. Cellular localization in flower stalks revealed that CYP83B1 is exclusively 94 localized to the phloem, while CYP83A1 was additionally found in the starch sheath 95 and in xylem parenchyma (Nintemann et al., 2018) . However, the localization of GLS 96 synthesis in leaves has not been demonstrated on the cellular level yet. Presence of 97 GLS synthesis in the vasculature as well as absence in the mesophyll and epidermis 98 has been indicated by untargeted proteomics of dissected leaves (Svozil, Gruissem, 99 & Baerenfaller, 2015 and 150 µmol m -2 s -1 ) for 4 weeks following vernalization at 4°C for 2 days. The 138
Columbia-0 accession (Col-0) was used as wild-type. The following previously 139 Arabidopsis accession Col-0 for 10 to 14 d prior to inoculation. Plants were 155 randomized in trays and inoculated using a settling tower (Lipka et al., 2005) . For G. 156 orontii inoculations, the settling tower was equipped with a mesh screen. Plants were 157 inoculated at noon (between 12.00 and 13.00 o'clock) and thereafter grown in reach-158 in growth chambers using the settings described in the previous paragraph. Samples were observed using a DM750 epifluorescence microscope with UV 167 excitation and a long-pass UV filter set (Lipka et al., 2005) . For sporulation bioassays 168 with G. orontii, five-six plants were pooled at 12 dpi. 5 µL mg -1 MiliQ-water was added 169 and spores were released by vortexing. 100 µL spore solution were mounted on a 170 hemocytometer and counted using a DM750 microscope. Counts for each pool were 171 technically replicated six times and the mean thereof was used as single biological 172 replicate. 173 174
Confocal microscopy and quantification of fluorescence 175
Fifth true leaves were harvested using forceps and mounted in a Calcofluor white 176 solution (Fluorescent brightener 28). Samples were observed using a Leica TCS SP5 177 (Leica Microsystems, Wetzlar, Germany) equipped with argon and diode lasers. An 178 HCX PL APO CS 20.0x0.70 DRY UV objective was used throughout the study. 179
Scanning speed was set to 400 Hz in bidirectional mode. Zoom was set to 3.6 fold. Z-180 stack volume was set to 11 µm imaged in 1µm steps (11 steps/stack) starting on top 181 of the adaxial epidermis with the conidiospore in focus. Sequential scanning between 182 stacks was applied to reduce photobleaching. The first sequence was used to image 183 fluorescent protein fusions using the argon laser with 20% pre-set power and a line 184 average of 3. The 514 nm laser line with an AOBS setting of 12% was used for 185 excitation of mVenus and mOrange2. mVenus emission light was recorded using a 186
HyD hybrid detector with a detection window of 520-550 nm and a gain of 187 V. 
Desulfo-glucosinolate analysis by LC-MS 206
Entire fifth true leaves of 4-week-old plants were gently harvested by detachment at 207 the proximal part of the petiole using fine forceps and immediately frozen in liquid 208 nitrogen. Subsequently, samples were lyophilized for 24 hours, ground into fine 209 powder and extracted in 85% methanol containing 50 µM p-hydroxybenzyl 210 glucosinolate as internal standard as previously described (Andersen et al., 2013) . 211
Samples were 10-fold diluted with deionized water and subjected to analysis by LC-212 for several reasons: Firstly, pathogen induction of CYP81F2 has been reported to 236 reach a maximum at 6 to 24 hpi with B. graminis and decrease to basal levels at 48 237 hpi (Fuchs et al., 2016) . Secondly, 4MOI3M levels have been reported to be 238 unaffected at 24 hpi with G. orontii, but showed two-fold induction at 48 hpi (Schön et 239 al., 2013) . Thirdly, the two time points allow to capture abundant attempted penetration 240 events for both pathogens at 24 hpi and failure or success of penetration for B. 241 graminis and G. orontii, respectively, at 48 hpi. The fluorescence signals of GTR1-242 YFP and GTR2-mOrange2 were close to the detection limit in unchallenged epidermal 243 cells at both time points ( Fig. 1 ), but showed prominent signals in the vasculature of 244 unchallenged plants ( Fig. S1 ). No pathogen-induced accumulation was observed at 245 24 hpi and 48 hpi with either B. graminis or G. orontii (Fig. 1) , as also evident from 246 quantitative analysis of mean fluorescence intensities ( Fig. S2 and Fig. S3 ). Hence, 247 accumulation of neither GTR1 nor GTR2 is induced upon attack by B. graminis or G. 248
orontii. 249
To validate our results, we conducted quantitative bioassays using B. graminis and G. 250 orontii on gtr knockout mutants by inoculating GLS transporter mutants with the 251 virulent G. orontii and quantifying the number of spores produced at 12 days post 252 inoculation ( Fig. 2a ). Loss-of-function mutants of ENHANCED DISEASE 253 RESISTANCE1 (EDR1) and ENHANCED DISEASE SUSCEPTIBILITY1 (EDS1) 254 significantly decrease and increase spore production of G. orontii, respectively (Aarts 255 et al., 1998; Frye & Innes, 1998) , and were therefore included as controls. As 256 expected, spore production on edr1 was significantly decreased while being increased 257 on eds1-2 compared to wild-type. On pen2-1 mutants, G. orontii produced significantly 258 more spores compared to wild-type and reached eds1-2 levels. Hence, PEN2-259 mediated hydrolysis of GLS contributes to basal resistance against virulent G. orontii. 260
When we examined the conidiospore production in double and triple mutants of the 261 functionally redundant GTR1, GTR2 and GTR3 transporters (Jørgensen et al., 2017) , 262
we observed that the number of spores on gtr1gtr2 and gtr1gtr2gtr3 were not 263 significantly different from wild-type. Compared to pen2-1, both double and triple gtr 264 mutants showed significantly lower spore numbers. As GTR-mediated import of GLS 265 from the apoplast would occur upstream of PEN2-mediated GLS hydrolysis, we 266 expected a pen2-like phenotype and thus conclude that GTR1, GTR2 and GTR3 are 267 not required for defence against G. orontii. Consistent with these findings, GTR1-268 YFP/gtr1gtr2 (equivalent to gtr2 single mutants) and GTR2-mOrange2/gtr1gtr2 269 (equivalent to gtr1 single mutants) showed no enhanced susceptibility towards G. 270
orontii. 271
When we challenged the double and triple gtr mutants with B. graminis and scored 272 interaction sites at 72 hpi, the number of papillae, encased haustoria and epidermal 273 cells undergoing cell death on B. graminis-inoculated gtr1gtr2, GTR1-YFP/gtr1gtr2, 274 GTR2-mOrange2/gtr1gtr2 and gtr1gtr2gtr3 were not significantly different from wild-275 type at 72 hpi ( Fig. 2b ). Compared to wild-type and gtr mutants, pen2-1 plants showed 276 significantly more encased haustoria and cell death while the number of efficient 277 papillae significantly decreased, indicating that more penetration attempts were 278 successful. Moreover, we observed secondary hyphae at conidia with encased 279 haustoria (both with and without cell death). These results suggest that GLS Assuming that epidermal cells challenged by powdery mildews do not receive GLS via 287 transport, they must either remobilize preformed I3M intracellularly or synthesize it de 288 novo via the core structure pathway. To test whether I3M is synthesized de novo, we 289 inoculated transgenic plants expressing pCYP83A1::CYP83A1-mVenus or 290 pCYP83B1::CYP83B1-mVenus with B. graminis and G. orontii and subsequently 291 analyzed the accumulation of the fusion proteins using CLSM (Fig. 3 ). Plants 292 expressing pCYP81F2::CYP81F2-RFP were included as a positive control for 293 induction of I3M-to-4MOI3M conversion. The fluorescence signals of fusion proteins 294 were below the detection limit in epidermal cells of unchallenged plants (Fig. 3a) . 295
However, the markers for core structure synthesis were detectable in vascular 296 parenchyma cells of cleared leaves ( Fig. S1 ) and transverse sections of non-cleared 297 leaves (data not shown) of unchallenged plants. Upon inoculation with B. graminis or 298 G. orontii, we observed prominent mVenus fluorescence in attacked epidermal cells 299 of three independent CYP83B1-mVenus-expressing plant lines, while mVenus 300 fluorescence in three independent CYP83A1-mVenus lines was below the detection 301 limit (Fig. 3a) . Quantification of mean fluorescence intensities in attacked cells 302 revealed a statistically significant increase of the CYP83B1-mVenus signal at both 24 303 hpi and 48 hpi with both pathogens (Fig. 3b ). Hence, both B. graminis and G. orontii 304 induce the accumulation of key enzymes involved in indole GLS core structure 305 synthesis in the epidermis. 306 307
B. graminis, but not G. orontii, triggers 4MOI3M accumulation 308
To test whether both pathogens elicit the accumulation of GLS at the time points used 309 in this study, we challenged wild-type plants with B. graminis or G. orontii and analyzed 310 the GLS concentration in the fifth true leaf at 24 hpi and 48 hpi by LC-MS ( Fig. 4 and 311 S5). 4MOI3M levels were significantly induced in response to B. graminis at both time 312 point (Fig. 4) . By contrast, 4MOI3M levels were not significantly induced upon 313 treatment with G. orontii. Hence, non-adapted B. graminis, but not virulent G. orontii 314 triggers 4MOI3M accumulation. Total indole GLS did not reveal significant changes in 315 response to the pathogen treatments, indicating a balance among individual indole 316 GLS (Fig. 4) . However, wild-type plants challenged by G. orontii revealed the overall 317 highest indole GLS levels at 24 hpi and overall lowest levels at 48 hpi, reflecting a 318 significant decrease of total indole GLS between 24 hpi and 48 hpi. This shift was 319 reflected by I3M, which also showed a significant difference between 24 hpi and 48 320 hpi with G. orontii. Hence, G. orontii might trigger CYP81F2-catalyzed I3M-to-4MOI3M 321 conversion and subsequent PEN2-mediated 4MOI3M hydrolysis, leading to a slight 322 depletion of the I3M pool without significant accumulation of 4MOI3M. However, 323 absence of complete I3M depletion indicates that most I3M is not accessible to ER-324 anchored CYP81F2 and mitochondria-anchored PEN2. Moreover, as induction of 325 CYP81F2 accumulation is similar between B. graminis and G. orontii treatments (Fig.  326 3), we conclude that absence of 4MOI3M accumulation in response to G. orontii 327 results from insufficient indole GLS core structure synthesis in the epidermis. 328
To gain further insight into pathogen-induced perturbations of indole GLS metabolism, 329
we measured GLS in cyp81F2-2 knock-out mutants that show loss of penetration 330 resistance to B. graminis and enhanced susceptibility to G. orontii. 4MOI3M levels 331
were significantly lower compared to wild-type independent of the treatment, 332
confirming that CYP81F2 is the major CYP81F responsible for pathogen-induced 333 4MOI3M accumulation as well as for the establishment of basal 4MOI3M levels in 334 whole leaves (Fig. 4) . Total indole GLS levels were not significantly different in 335 cyp81F2-2 knock-out mutant and wild-type plants except for the G. orontii samples at 336 48 hpi, in which the knock-out mutant displayed higher levels than wild-type. 337
Consequently, the decrease of total indole GLS levels observed in wild-type plants 338 inoculated with G. orontii between 24 and 48 hpi was not detectable in the mutant. As 339 expected for cyp81F2-2, I3M levels were overall higher than wild-type, but did not in response to G. orontii, we inoculated three independent lines expressing SUR1-364 mVenus under the control of its endogenous promoter sequence and subsequently 365 analyzed SUR1 accumulation by CLSM (Fig. 5 ). As an additional control, we 366 inoculated the same set of fluorophore lines with B. graminis in parallel. SUR1-367 mVenus fluorescence was below the detection limit in the adaxial epidermis of 368 unchallenged plants (Fig. 5a , while showing prominent fluorescence in vascular 369 parenchyma cells as revealed by CLSM using cleared leaves ( Fig. S1 ) and transverse 370 sections of petioles (data not shown). Following inoculation with G. orontii, no SUR1-371 mVenus fluorescence was observed in epidermal cells at 24 hpi while weak 372 fluorescence was detected at 48 hpi. By contrast, weak SUR1-mVenus fluorescence 373 was observed at both 24 hpi and 48 hpi with B. graminis. Quantification of mean 374 fluorescence intensities in attacked cells showed no significant differences for SUR1-375 mVenus accumulation in response to G. orontii (Fig. 5b . By contrast, SUR1-mVenus 376 signal was significantly increased at 48 hpi with B. graminis. Hence, pathogen-induced 377
SUR1 accumulation is absent in response to G. orontii infection. This finding is in line 378
with the observed absence of 4MOI3M accumulation despite pathogen-induced 379 accumulation of CYP83B1 and CYP81F2, and supports the idea that the indole core 380 structure synthesis pathway is aborted. pen2-1 mutants were reported to be only impaired in non-host penetration resistance 392 e.g. to incompatible interaction with B. graminis, as entry of virulent G. orontii was not 393 affected at 24 hpi (Lipka et al., 2005) . Nevertheless, we found that G. orontii displays 394 significantly increased sporulation on pen2-1 that was indistinguishable from that on 395 eds1-2 ( Fig. 2a ). This finding indicates that PEN2 is required to restrict post-invasive 396 growth of G. orontii, which might be explained by a metabolic cost to detoxify products 397 of PEN2 hydrolysis. Alternatively, PEN2 hydrolysis products might also react with 398 endogenous plant compounds (e.g. amino acids) and thereby hamper the assimilatory 399 process of the intruder. Furthermore, our results confirm that pen2-1 mutants display 400 enhanced B. graminis entry rates (Fig. 2b) (Lipka et al., 2005) . 401 402
Cell-autonomous induction of GLS biosynthesis upon attack 403
This study investigated the origin of I3M -the 4MOI3M precursor and substrate of the 404 CYP81F2/PEN2 pathway -during the interaction of Arabidopsis with the powdery 405 mildews B. graminis and G. orontii. We were able to detect 4MOI3M accumulation at 406 both 24 hpi and 48 hpi with B. graminis (Fig. 4) , despite the insignificance of CYP81F2 407 induction at 48 hpi (Fig. 3) , indicating that the observed trend of CYP81F2 induction 408 at 48 hpi is sufficient for 4MOI3M accumulation. Our results suggest that I3M is de 409 novo synthesized as revealed by induction of CYP83B1 and SUR1 accumulation in 410 the epidermis upon attack by B. graminis (Fig. 3 and Fig. 5 ). Similar results were 411 obtained following inoculation with the biotrophic oomycete Hyaloperonospora 412 arabidopsidis (Fig. S6 ). Induction of core structure synthesis is supported by the 413 previous finding that g-glutamylcysteine synthase, which is the enzyme catalyzing the 414 first committed step in the biosynthesis of glutathione that is the sulfur donor in indole 415 GLS synthesis, is not required for constitutive GLS accumulation, but for induction of 416 We hypothesized that the characterized GLS importers GTR1-3 could be involved in 433 import into attacked epidermal cells and/or export from distant organs. In the former 434 case, GTRs would have to be localized to epidermal cells challenged by powdery 435 mildews. Microscopy revealed that accumulation of neither GTR1 nor GTR2 is 436 significantly induced in attacked cells, indicating that these transporters are not 437 involved in defence against powdery mildews (Fig. 1) . As the gtr1gtr2 and gtr1gtr2gtr3 438 mutants showed the same phenotype as wild-type in penetration resistance and 439 sporulation of B. graminis and G. orontii, respectively (Fig. 2) , we can exclude that the 440 transporters have effects during important stages of disease development (i.e. time 441 points other than 24 hpi and 48 hpi) not tested by microscopy. Moreover, comparing 442 gtr1gtr2 and gtr1gtr2gtr3 mutants allowed to exclude an additive role of GTR3. 443
Furthermore, interorgan redistribution of GLS upon attack such as e.g. enhanced root-444 to-shoot GLS translocation via downregulation or inactivation of GTRs in the root can 445 be excluded. Although GTR-mediated GLS transport is not relevant for defence 446 against powdery mildews, it is possible that other unknown transport proteins are 447
involved. Furthermore, we did not address the role of plasmodesmata-mediated 448 symplasmic transport of GLS towards attacked cells. One benefit of symplasmic GLS 449 transport might be that it is regulated by sink strength, while drawbacks include that 450 open plasmodesmata also allow intercellular transport of nutrients, effectors and 451 fungal toxins. However, a previous study demonstrated that recognition of the fungal 452 elicitor chitin limits the molecular flux through plasmodesmata (Faulkner et al., 2013) . 
Remobilization of preformed GLS upon attack 460
Yet another hypothesis that would not require de novo GLS synthesis relies on 461 remobilization of preformed I3M. GLS accumulate in vacuoles assuming that findings 462 obtained by immunolocalization of GLS in Brassica napus can be translated to 463
Arabidopsis (Kelly, Bones, & Rossiter, 1998) . In rosette leaves, GLS concentrations 464 are highest in the epidermis, especially at the leaf margins, and in S-cell that are 465 located at the phloem cap. Cell-autonomous release of preformed and intracellularly 466 stored I3M would thus require a mechanism for export from the vacuole, while 467 remobilization from distant storage sites such as the S-cell would additionally employ 468 pathways such as GTR-mediated transmembrane or plasmodesmata-mediated 469 symplasmic transport. Arguing against remobilization, we observed that I3M pools 470
were not depleted upon attempted penetration, indicating that I3M is 471 compartmentalized and not accessible to ER-anchored CYP81F2 and mitochondria-472 anchored PEN2 (Fig. 4) . However, the data presented in this study cannot absolutely 473 exclude a GLS remobilization. Identification of a putative vacuolar GLS exporter will 474 enable to directly address whether remobilization plays a role in these interactions. 475 476
The role of indole GLS metabolism during PAMP-triggered immunity 477
Our results demonstrate that accumulation of CYP83B1 and CYP81F2 is induced 478 upon powdery mildew infection (Fig. 3) . Analysis of indole GLS biosynthesis gene 479 expression revealed that CYP81F2 is also highly induced by chitin, while CYP83B1 480 and other genes encoding for enzymes in the indole GLS core structure pathway are 481 not (Fig. S4 ). In addition, expression of the methyltransferases IGMT1 and IGMT2, 482 which catalyze 4-methoxylation of 4OHI3M, are highly induced upon chitin treatment 483 ( Fig. S4) , indicating that side chain modification, but not core structure synthesis of 484 I3M are elicited by chitin. In line with this finding, other studies suggested that only 4-485 substitution, but not de novo I3M synthesis is induced during plant-pathogen 486 interactions (Pawel Bednarek et al., 2009; Iven et al., 2012) . Our results using 487 fluorophore-tagged proteins and live-cell microscopy contradict these earlier findings 488 ( Fig. 3 and Fig. 5 ). The results obtained in this study might be explained 489 methodologically. Here, we utilized fluorophore-tagged protein fusions and thus 490 collected data reflecting the protein level as compared to earlier studies that were 491 investigating transcript abundance. It is feasible that enzymes involved in de novo I3M 492 synthesis are regulated at the post-transcriptional level, while those required for side 493 chain modifications are regulated transcriptionally. Furthermore, these earlier 494 approaches might have been limited by the detection limit. Our results show that 495 accumulation of core structure synthesis enzymes is not induced as high as those 496 required for side chain modifications. Moreover, as only a subgroup of epidermal cells 497 is attacked, the measurement of transcripts in whole leaves might not be able to 498 resolve the induction of core structure synthesis enzymes. Similarly, the indole GLS 499 concentration is supposedly solely induced in attacked epidermal cells. Hence, 500 analysis of GLS or transcripts in whole leaves might be extremely diluted. We tried to 501 overcome this issue by saturating the response using high numbers of conidiospores 502 for inoculations. However, although the changes in GLS levels were significant, only 503 slight differences were detected (Fig. 4) . In regard to the massive induction of 504 CYP81F2 (Fig. 3) , the slight but significant changes of GLS indicate that the response 505 is highly diluted, demonstrating that live-cell microscopy is a superior method to detect 506 cell-autonomous processes and that pathogen-induced events might be masked in 507 most transcriptomics, metabolomics and proteomics studies. The transcriptome of 508 laser-capture microdissected haustorial complexes formed by G. orontii in Arabidopsis 509 epidermal cells has been reported, but was able to detect only slight induction of indole 510 GLS synthetic enzymes at 5 dpi (Chandran, Inada, Hather, Kleindt, & Wildermuth, 511 2010) . In this study, the authors concluded that indole GLS synthesis might be delayed 512 during the compatible interactions with G. orontii and that this delay might determine 513 the compatibility. This finding is consistent with our result that 4MOI3M accumulates 514 at 24 hpi and 48 hpi with B. graminis, but not G. orontii (Fig. 4) . It is possible that 515 4MOI3M accumulates at later stages of infection with G. orontii, which would be in 516 accordance with the effect of PEN2 during post-, but not pre-invasive growth of G. 517 orontii (Fig. 2) . 518 519 SUR1 as a potential powdery mildew effector target 520
Despite induced accumulation of both CYP83B1 and CYP81F2 during the interaction 521 with B. graminis and G. orontii, 4MOI3M accumulates solely in response to B. 522 graminis, suggesting that the indole GLS biosynthetic pathway is targeted by effectors 523 of G. orontii (Fig. 3 and Fig. 4 ). Using CLSM, we show that induction of SUR1-mVenus 524 accumulation is absent at 24 hpi and 48 hpi with G. orontii, but not with B. graminis 525 ( Fig. 5) , indicating that SUR1 accumulation is repressed by G. orontii. It is also 526 possible that SUR1 accumulation is not entirely absent during infection, but present at 527 later stages of infection and thus only delayed. SUR1 represents an optimal effector 528 target due to the reported abortion of the indole GLS synthesis pathway in its absence. 529
In absence of SUR1, S-alkyl-thiohydroximate will spontaneously and irreversibly 530 cyclize (Geu-Flores et al., 2009 , 2011 Mikkelsen et al., 2004) . Furthermore, SUR1 531 has no homologues and loss of SUR1 function displays the most severe phenotype of 532 all GLS biosynthetic enzymes as it results in seedling lethality due to auxin 533 overaccumulation (Boerjan et al., 1995; Mikkelsen et al., 2004) . By targeting SUR1 via 534 an effector, G. orontii might thus additionally profit from auxin overaccumulation, which 535 results in loosening of the cell wall that in turn facilitates penetration (Dünser & Kleine-536 Vehn, 2015) . Interestingly, SUR1 is the only core structure pathway enzyme that 537 represents a target for endogenous miRNA (Kong, Li, Zhang, Jin, & Li, 2015) . 538
Targeting SUR1 might thus be a straight-forward mechanism to regulate indole GLS 539 synthesis and potentially also auxin synthesis that might be more advantageous as 540 compared to non-selective regulation of all enzymes in the pathway via transcription 541 factors such as MYB34, MYB51 and MYB122 (Frerigmann & Gigolashvili, 2014) . 542
Future studies should be directed towards identification and characterization of the 543 hypothesized G. orontii effector and the role of the GLS core structure biosynthesis 544 pathway as a potential breeding target for plant resistance of Brassicaceae crops. 545 Accession numbers: 546 CYP81F2 (AT5G57220); CYP83A1 (AT4G13770); CYP83B1/SUR2 (AT4G31500); 547 EDR1 (AT1G08720); EDS1 (AT3G48090); NPF2.9/GTR3 (AT1G18880); 548 NPF2.10/GTR1 (AT3G47960); NPF2.11/GTR2 (AT5G62680); PEN2 (AT2G44490); 549 
